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The paper reports the discovery and investigation of the phenomenon of nuclear magnetic resonance (NMR)in the effective magnetic field H:, acting in a doubly rotating coordinate system
(DRCS).The H:, was produced by modulating the effective field He, in the rotating coordinate
system. The resonance was observed on the 'H nuclei in H,O and the 19Fnuclei in CaF,, and was
recorded by measuring the longitudinal component of the nuclear magnetization with respect to
the constant field H,. The dependence of the NMR line width in the DRCS on the angle 8 '
between H:, and He, was investigated in CaF, for the "magic" orientation of the He, field. It was
found that further suppression of the dipole line width occurs under these conditions, and that
this suppression is most effective when 8 ' = a r ~ c o s ( + ) '=:
/ ~39" and 8 ' =:90". In the first case it was
possible to narrow the line down to 70 Hz under conditions when the chemical NMR frequency
shift was reduced by a factor o f 6 ; in the second case, down to 10 Hz upon the suppression of the
chemical shift and the inhomogeneous broadening. The results are in good agreement with theory. Nuclear magnetization trapping by the H:, field ("spin-locking" in the DRCS) has been
realized, and a method of measuring the nuclear spin-lattice relaxation time in this field has been
developed which furnishes a continuous relaxation curve during one sweep. The possibility of
using this method to study slow atomic-molecular motions is discussed.

INTRODUCTION

Experiments in which strong coherent pulsed radio-frequency (RF)fields are used have found wide application in
modem NMR spectroscopy. l4 They have, in particular, led
to sharp sensitivity and resolving-power increases in the recording of NMR spectra in solids, and have also made the
recording of slow atomic-molecular motions possible. In
these experiments the NMR signal is recorded at a frequency
equal to the RF field frequency, which, in practice, is possible only in the intervals between the R F pulses. But the presence of such intervals ("windows") does not, in a number of
cases, allow us to realize the optimal experimental conditions. For example, the cycle duration increases significantly, which worsens the resoltuion4; there appear R F field harmonics, which speed up the magnetization damping5-'; and
the RF power level required becomes much higher.'-''
A fundamentally different method of detecting NMR
was recently developed" in which what is recorded is the
nuclear magnetization component longitudinal with in respect to the constant field H, (and not the transverse component, as is usually done). In this method the signal is picked
up during the time of action of the strong continuous R F
field, the reception being realized directly at the NMR frequency in the effective field He, acting in the rotating coordinate system (RCS). This frequency is significantly lower
than the R F field frequency, which makes the simultaneous
operation of the transmitter and the receiver possible. As
shown in Ref. 11, this method furnishes the NMR spectra of
solid samples with increased resolution, and right away in
the final form, with no need for a Fourier transformation.
But the minimum NMR line width attained in this way
(about 300 Hz in CaF, (Ref. 1I)) is significantly greater than
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the width attained in the pulsed method^.^ In Ref. 12 a method, based on strong resonance saturation in the RCS, is proposed for the further suppression of the residual NMR line
broadening in such experiments. By its physical meaning
this idea is connected with the phenomenon of nuclear magnetic resonance in a doubly rotating coordinate system
(DRCS).The present investigation was devoted to the detection of this phenomenon and the use of it for the purpose of
further narrowing down the NMR line in solids, as well as to
the measurement of the nuclear spin-lattice relaxation in the
effective field acting in the DRCS. Preliminary results of the
investigation were published in Ref. 13.
1. PRINCIPLE AND METHOD OF NMR DETECTION IN THE
DRCS

Let a solid sample containing nuclear spins I be acted
upon by a strong polarizing field H, and a strong R F field
2H, coswt oriented respectively along the Z and X axes in
the laboratory coordinate system (LCS), and such that
w =:wo=yHo and Ho)Hl)HL, where y is the nuclear gyromagnetic ratio and HAis the local field in the LCS. Then in
the oblique RCS (rotation with frequency w about the Zaxis)
the spins I a r e acted upon by an effective static magnetic field
He, ))zhaving an intensity He, = ( A + H :)'I2, and making
with the Z axis an angle of 8 = arccos(A /He,), where
A = H, - w/y (Fig. 1).'.14To observe the NMR directly in
the RCS in the quasistationary regime," we apply in the
direction perpendicular to the z axis a second R F field
H, (t ) = 2H2, cos(0t q, ) with frequency 0 zO,=yHe,,
which has a typical value of 100-300 kHz. To produce this
field, it is convenient to use the shallow angle modulation
that arises with this frequency of the effective field He, upon
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which can be obtained from
by performing the appropriate transformation of the coordinate system.'' It is shown
in Ref. 12 that the NMR line in the DRCS should undergo
further narrowing at certain values of the angle 8 '.
Thus, the distinguishing feature of nuclear magnetic
resonance in the DRCS is the further lowering of the resonance frequency (practicallyto f2 A 1-10 kHz) and the possibility of further suppression of the resonance-line broadening in solids.
Let us now proceed to describe the quasistationary
method used in our investigation to observe NMR in the
DRCS. Let us assume that the field 2H2, cos(f2t + p ) is proFIG. 1. Geometry of the effective magnetic fields in the rotating and douduced through the modulation of the frequency w , and that
bly rotating coordinate systems.
the magnetization M is oriented along He, (how the latter
the modulation of the frequency w or amplitude HI of the R F can be achieved in practice will be stated a little later).
field." The field H, (t ) is used to excite the required compo- Further, let the signal with frequency 0 , with the aid of
nent Mp, of the sample magnetization M, i.e., the compo- which the RF field is frequency-modulated be, in its turn,
nent perpendicular ta, and rotating with frequency f2 about, frequency or amplitude modulated with frequency
the field He,. The relation betweem Mp, and the experimen- O ' =;yH.,: It is clear that the field 2H2, cos(L?t+ p ) then
tally measurable magnetization component M, (t ) is given by becomes frequency- or amplitude-modulated, with a modulation depth of Sf2 or SH,,. This leads to the modulation of
the formula
the effective field H:, in the DRCS in magnitude and direcM z ( t ) = M p , cos Bf sin O[upcos ( Q t f rp)+vp sin (Qt-krp)], (1) tion. The angle modulation of the H:, field is equivalent to
where MpIIis the M component parallel to the field H,, and the appearance in the DRCS of a variable magnetic field
up and vp are mutually orthogonal components of Mp, , up H:. (t ) = 2H3, cos(f2 't + q, ') orientedperpendicularly to the
coinciding in direction with the effective circularly polarized z' axis (Fig. 2). Here 2H3, = (Sf2/y)sine ' in the case of frecomponent H,, of the H, (t ) field (Fig. 1).The components quency modulation and 2H3, = SH,, cose' in the case of
up and up induce in the pickup coil, which is oriented along amplitude modulation.
When the resonance condition
the Z axis and tuned to the frequency f2, NMR dispersion
and absorption signals in the RCS.
Qf=Q,'=yH,,
(3)
By analogy with the strong R F field 2H, cosot widely
is
fulfilled
in
the
DRCS,
the
field
H
(t
)
deflects
the
vector
M
used in modem NMR spectroscopy, it is natural to consider
the phenomenon of nuclear magnetic resonance in the RCS from the z' axis, as a result of which the magnetization acquires a nonzero component Mppl perpendicular to, and roin the case of a strong H, (t ) field satisfying the condition
tating with frequency f l ' about, the H field (Fig. 2). Let us
HLpe H u e H e,
(2) resolve this component into two components, one of which
where HLpis the local field in the RCS. To do this, let us go (up, ) is in phase with the effective circularly polarized comover to an oblique DRCS (the second rotation occurring ponent H3, of the Hi, ( t ) field, while the other (vpp) lags in
with frequency f2 about the z axis).'' '.15 In the DRCS the phase by 1~/2.The components upp and vpp have been introspins I are acted upon by a new static effective magnetic field duced by analogy with the conventional description of
H:, llz' having an intensity H:, = [(A + H
and NMR,17 and characterize respectively the NMR dispersion
making with the z axis an angle 0 ' = arccos(A '/He,), whexe and absorption signals in the DRCS. In the case of modulaA ' = He, - f l /y (Fig. 1). It is clear that the NMR pheno- tion of, for example, the frequency f2 of the H,, field we have
menon can, in principle, occur at the frequency L? A = y H
in the DRCS, just as it occurs in the LCS at the frequency o0
and in the RCS at the frequency no, where f2 A (f2,(w0. In
the DRCS the dipole broadening of the resonance line is
naturally determined by the secular-with respect g the z'
axis-part of the nuclear dipole-dipole interaction pdPP.
Let us assume that the condition for the "magic" angle
0 = 8, = arccos(l/fi) is fulfilled in the RCS. In this case
the secular-with respect t%the z axis-part of the nuclear
dipole-dipole interaction ( w d l ) ,as separated out in firstorder perturbation theory, vanishes. This leads in the RCS to
a sharp narrowing of the NMR line, the residual width of
which is determined only by the second order c o r r ~ t i o n
(Refs. 11 and 16). In this case the Hamiltonian F d P P , FIG.2. Principle underlying the excitation of NMR in the doubly rotating
in the DRCS also amounts to a small correction m i ; ,
coordinate system in the quasistationary regime.
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M=,=-u,, sin(Qft+cp') -up, cos (Q'tfq'),

final values). This yields the result MpplizM,, with the magnetization
oriented against the H:, field when A > 0 and
M,,=-u,, cos (Pft+vf)+up, sin (51ft+qf), M z , ~ M p p l l .
along this field when A < 0. In the second variant, which is
Performing successive coordinate transformations from the
suitable for all A and A ' 5 yH,, ,the field H,, is switched on
DRCS into the LCS, we obtain for the sought quantity M, (t )
suddenly, which ensures that Mppll= M, cosa, where a is
the expression
the angle between the directions of the H;, and H, fields at
the
moment the transmitter is started, which angle is deterMZ( t )=Mwllcos 6'cos O+cos 8 sin 6' [up,cos (Q't+qf)
mined
by the initial phase q, of the field 2H2, cos(f2t q, )
+up, sin(Q't+qf)] +Mppil sin8 sin 8' cos(Qt+v)
(Fig. 1).For the optimum value of q, we have a,, = 8 - 8 '
+I/, sin 8 (I-cos 6') {up,cos [ (Q-8') t+q-cp']
(Fig. 1);therefore, when 8 = 8 ' the situation can be realized
in
which the initial direction of the H;, field coincides with
-up, sin [ (9-Q') t+,cp-cp'] )
the axis Z IIH,, M,. It is clear that in this case the magnetiza-I/, sin 0 ( l f c o s Of) {up,cos [ ('QSQ') t+q+cpf]
tion M, will be "trapped" by the H:, field (i.e., M0IJz1and
+up, sin [ (.Q+Qf)t+cpSrpf] )
(4) MppII= M,), and will rotate together with this field about
the z axis with frequency 0. In both variants the procedure
Here the term with the frequency f2 characterizes the NMR
for orienting the magnetization M, along the H:, field, i.e.,
in the RCS in the field He, [cf. (I)],while the side resonances
for "spin locking" in the DRCS is similar to the well known
occurring at the frequencies f2 f f2 ' characterize the NMR
method, widely used to measure the nuclear spin-lattice rein the DRCS in the field H . The appearance of the latter
laxation time T I P in the RCS,'v2 of spin locking in the field
resonances can be qualitatively explained by the fact that,
H1
during the precession of the magnetization M about the z'
To traverse in the DRCS the resonance region deteraxis, the component M,, and, hence, M, (t ) undergoes modumined by the condition (3)and obtain the NMR absorption
lation with frequency f2 ' (Fig. 2). As can be seen from (4),the
or dispersion spectrum in the DRCS, it is convenient to
side resonances contain a simple combination of NMR absmoothly vary the frequency f2 or f2 '. Of these two possibilisorption and dispersion signals, vpp and u, respectively, in
ties, the f2 '-sweep method is more convenient, since it guarthe DRCS. Each of these signals can clearly be isolated in its
antees a linear sweep of the spectrum, and enables us to fix
pure form, and this was experimentally realized by us.
both of the angles 8 and 8 '. The latter is important for the
It can also be seen from (4)that the spectrum of M, (t )
realization of the optimal conditions for the suppression of
contains a component directly at the NMR frequency 0 ' in
the dipole-dipole interactions in solids.
the DRCS. But this frequency is significantly lower than
f2 f2 ';therefore, the recording ofM, (t )atthe frequency f2 '
is less convenient.
2. EXPERIMENTAL RESULTS AND THEIR DISCUSSION
Similarly, we can find the components Mx (t ) and M y (t )
A. Experimental conditions
used in the standard procedure for recording NMR in the
LCS at the frequency w. As calculations show, these compoThe experiments were performed on a quasistationary
nents contain, besides the band with frequency w, side bands
spectrometer that allows the direct detection of NMR in the
at the frequenciesw + 0 , (o+ f2 ) f f2 ',and w f f2 ',which
RCS, and records the longitudinal-with respect to the H,
can, in principle, also be used to observe the NMR in the
field--component of the nuclear magnetization, which we
RCS and DRCS. But it is very difficult to record them bemodified in the manner described in Sec. 1. The transmitter
cause of the presence of the high-power signal with the close of the spectrometer operated at a frequency of 14 MHz; the
frequency w.
receiver, at a frequency of z 100 kHz. The resonance was
It should be noted that there are in the RCS and DRCS,
observed on the 'H nuclei in water and the 19F nuclei in a
besides the components H,, and H,, of the fields with freCaF, single crystal (orientation: [ I l l ] IIH,) with Hoz0.35 T
quencies f2 and f2 ', components H Z Iand
I H31iparallel to thez
and at temperatures of 293 and 78 K. The sample volumes
and z' axes respectively. They can induce parametric resonwere about 30 mm., All the experiments were performed
ances,'' but under the conditions of our experiments
under conditions when 8 = 8, and ad237 = 100 kHz, i.e.,
(H,, , HZll
(He,; H3,, H311
(H),: their influence can be nethe HI-field intensities in the cases of the 19Fand 'H nuclei
glected. We can, if necessary, eliminate the components HZII were 2.04 and 1.92 mT respectively. The instability of the HI
and H through the simultaneous frequency and amplitude field over the experimental period (about 8 sec) did' not exmodulations, with a definite phase shift between them, of the
ceed 0.2%, and the inhomogeneity of this field in the sample
corresponding R F field.
volume was about 0.1%. The spectrometer receiver conIn order to obtain the strongest NMR signals in the
tained two parallel channels-a relatively broad-band chanDRCS, we must orient along the H:, field as great a part as
nel that transmitted the frequencies f2 and f2 f f2 ' and a
possible of the equilibrium sample magnetization M, stored
narrow-band channel with a n-shaped characteristic, that
in the H, field. This can be achieved by switching on the
transmitted only the frequency f2 f2 '. The signals in each
channel were handled by either an amplitude or a synchromodulated HI field either adiabatically or suddenly. In the
first variant, which is suitable when [ A I ,HL, the H field nous detector with a time constant of 3-15 msec. The synis also switched on adiabatically (because of the smooth chronous detectors were controlled with the aid of signals
growth of the angles 8 and 8 ' from their zero values to the with the appropriate frequency (0or f2 f2 which varied
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FIG.3. NMR signalsobtained from the protons of water in the RCS at the
frequency DJ27 = 100 kHz and in the DRCS at the side frequencies D,
and D, in the case of H z , -field frequency (0) sweep at fixed H , , -field
frequency D '. yH,, = 7 10Hz for all the curvesa)4);yH is equal to zero
for the curve a) and 200 Hz for the curves b)-d);D '/27 is equal to 1.6 kHz
for the curve b), 3 kHz for the curve c), and 6.6 kHz for the curve d). The
sweep time is equal to 1 sec.

,,

synchronously with the 0 o r 0 ' sweep. During t h e 0 ' sweep,
the frequency f2 was fixed at the value that guaranteed the
requisite value of the angle 6' '.
B. The NYR signals in the DRCS

The first observation of NMR in the DRCS was performed on protons in water in experiments similar to those in
which the NMR in the RCS is directly detected." In this
case the value of the recording field H,, was established in
accordance with the conditon (2).The adiabatic decrease of
the frequency 0 , as the resonance region (0= 0,) in the
RCS was traversed, was begun immediately after the modulated field HI had been adiabatically switched on. In the
absence of the second modulation (ie.,for H3, = 0)what was
recorded in this way clearly was the usual NMR dispersion
signal up, greatly broadened by the H,, field, in the RCS
(Fig. 3a).I1In this case the signal was processed by an amplitude detector. If in such an experiment we switch on in addition a weak fieldH,, with a fixed frequency D ' > yH,, , then
in the course of the a-frequency sweep the resonance condition (3)in the DRCS will be fulfilled on two occasions, corresponding to detunings A ' with unlike signs. Figures 3b-3d
show the shapes of the signals obtained at different D ' values. It can be seen that the NMR spectrum exhibits two side
lines located symmetrically about the center, i.e., about the
frequency JZ,, which move away from the center as JZ ' increases. The frequencies n, and 0, of these lines agree well
with the values given by the formula
which follows from (3).Consequently, the sideband signals
observedby us on the wings of the NMR line in the RCS are a
manifestation of resonance in the DRCS.
As follows from (5), the two sideband signals should
175
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FIG. 4. NMR signals [the curves a) and b)] and a spin-locking signal (the
curve c))respectively obtained at the side frequency D + D ' and the frequency D from the protons of water in the DRCS [the signals b) and c)
were obtained in the same experiment] in the case of D '-frequency sweep
through the resonance value D ' = D 6 and a D-frequency detuning relative to 0, of A ' = 0 in the case a) and yA ' = - 100 Hz for the case b)
[yH,, = 3.1 kHz; yH,, = 1.5 Hz for the case a)and 0.8 Hz for the case b);
the sweep time is equal to 1 sec].

merge into one signal located at the peak of the principal line
when D ' = yH,, , and should disappear when L! ' < yH,, .
The moment of disappearance of the sideband lines turned
out to be very sensitive to the value of the frequency L! ',
which allowed us to gauge the H,, field with a high degree of
accuracy.
To carry out a more detailed study of the NMR effect in
the DRCS, we isolated the sideband signal at the frequency
L? + f2 ' in its pure form. Figure 4a shows an example of the
NMR absorption signal vpp in the DRCS from the protons of
water, obtained in this way at f2 = no= 2 n x 100 kHz (i.e.,
in the case when A ' = 0 and 6' ' = 90") with the use of the
method off2 ' frequency sweep and synchronous detection. It
can be seen that the NMR absorption signal vpp in the DRCS
is symmetrical, and its width A 0 ;at half-maximum is equal
to 9 Hz. Although strong suppression of the inhomogeneous
broadening is expected at 6' ' = 90" (Ref. 12),the observed line
width is still quite large, and is due to the H,, -field inhomogeneity arising as a result ofthe inhomogeneity of the H, and
Hofields.
It can be shown that the maximum suppression of the
inhomogeneous broadening of the NMR line in the DRCS is
attained when the frequency D is tuned away from the resonance value 0, by the amount

+

pertain respectively to the cases
where the signs - and
when the H,, field is produced through the modulation of
the frequency w and the amplitude HI of the RF field. Figure
4b shows the shape of the NMR signal in the DRCS, as
obtained under these conditions in the case ofw modulation
for yA ' = - 100 Hz (ie., for 8=:92"). It can be seen that in
this case the NMR line in the DRCS is much narrower, and
exhibits "wiggles," which are well known in conventional
NMR." Because of the inhomogeneity of the H ; , field, the
A. E. Mefed
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line broadening in this experiment is altogether about 1 Hz,
which is now comparable to the natural width of the line.

C. Spin locking and measurement of the nuclear spin-lattice
relaxation time In the DRCS

Figure 4c shows the dispersion signal up from the protons of water, as obtained at the frequency a /
2?r = 100 kHz, and processed with the aid of an amplitude
detector. This signal was induced in a pickup coil by the
magnetization M oriented along the Hi, field with the aid of
the procedure, described in Sec. 1, for spin locking in the
DRCS. Under these conditions Mppl,= M, and consequently up = Mp, = Mpplisin8 ', while up = 0 (see (1)and (4)and
Figs. 1 and 2). The NMR signal in the DRCS described in
Subsec. 2B and shown in Fig. 4b was recorded at the same
time. It can be seen that the "spin-locking signal" shrinks on
going through the resonance in the DRCS. This is explained
by the irreversible deflection of the magnetization M from
the direction of the H:, field at resonance. It can also be seen
that during the experiment the spin-lattice relaxation in the
,so that
DRCS virtually does not decrease the quantity MppII
the spin system is virtually isolated from the lattice during
this time. As the H,, -field intensity was increased, the spinlocking signal shrank further and further right down to the
point of its disappearance. This effect is similar to the rotary
saturation of NMR in the RCS.'.14,15 AS the H3, field was
further increased to values satisfying the condition for fast
adiabatic sweep in the DRCS," the shrinking of the spinlocking signal became reversible: after passing through the
resonance it recovered its original size, and, in the case of
synchronous detection, changed its sign. At this point the
signal u, attained its maximum, while the signal vpp vanished, which was to be expected under the conditions of adiabatic passage through the resonance. The width of the dip
agreed with the calculated value AD ;* = 2yh /fii.e., was
three times smaller than the width of the u, signal at the
frequency D 0 '.
The method of spin locking in the DRCS was also used
in the field
to measure the spin-lattice relaxation time T
Hi, in the DRCS. In these experiments the H,, field was
found to be equal to zero, and the experiment was of significantly longer duration. Here the spin-locking signal was
found to undergo a continuous weakening, which furnished
the spin-lattice relaxation curve in the DRCS. Figure 5
shows the result of such an experiment performed on the
protons of distilled water at room temperature. It can be seen
that the weakening of the spin-locking signal virtually proceeds according to an exponential law with a time constant
T
= 3.0 + 0.2 sec, which agrees to within the limits of the
experimental error with the measured spin-lattice relaxation
times TI and TIP in the LCS and RCS respectively. This was
to be expected, since the molecular motion in water is characterized by very short correlation times T,, so that
7,- ') yH iff,yH,,, and yH,. At the same time, it is, in practice, very important that only one sweep is necessary for the
measurement of TI,, and that the obtained continuous relaxation curve is not complicated by spurious effects.

,,

+

,

FIG. 5. Spin-lattice relaxation curve obtained in the DRCS at the frequency 0 /2i7 = 100 kHz for the protons of distilled water under conditions of
steady spin locking at yH,, = 3.4 kHz, 0 ' = 90'. The bottom curve is the
zero line.

D. Further suppression of the nuclear dipole-dipole
interactions in solids

Figure 6 shows NMR (a)and spin-locking (b)signals in
the DRCS from 19Fin CaF,, obtained in the same way as in
the case of Fig. 4 for 8 = 8, and 8 ' ~ 9 2 "Signals
.
of the type
shown in Fig. 6a were also obtained for other values of the
angle 8 ' in the region 0 5 8 ' 5 90", and the 8 ' dependence of
their width Aa; is shown in Fig. 7 (let us recall that the
condition 8 = 8, was consistently maintained here). Figure
7 also shows the corresponding theoretical 2M ipp(8') curve
(where MzPp is the second moment of the NMR absorption
l k e in the DRCS),computed with the aid of the Hamiltonian
without any adjustable parameters whatsoever.12 It
can be seen that the theoretical curve is in good agreement
with experiment. In particular, the secular part of the dipoledipole interactions in the DRC%vanishes in second order
= 0) at the new magic
perturbation theory as well (i.e., Pd$)
angle 0 ' = 90" (Ref. 12).To this corresponds the minimum
line width An ;= 10 Hz (Fig. 6a). This width is 30 times
smaller than the previously attained" minimum NMR line
width in the RCS (for its value see the point with 8 ' = 0 in
Fig. 7) and 1.5 x lo3 times smaller than the line width in the
LCS." Apparently, the residual line width is largely due to
the HI-field inhomogeneity, which does not allow the condition 8 = 8, to be realized simultaneously for all parts of the
sample. Let us recall that, as shown in Ref. 12, when 8 ' = IT/
2 we have suppressed not only the dipole-dipole interactions

FdE)

,
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FIG. 6 . NMR (a)and spin-locking (b)signals obtained respectively at the
side frequency 0 0 ' and the frequency 0 in the DRCS from the 19F
nuclei in a CaF, single crystal for 0 = Om, 0 ' -92", yH,, = 3.8 kHz,
yH,, = 0.9 Hz, and T = 78 Kin much the same way as the signals shown
in Fig. 4 were obtained. The crystal orientation was such that [ 1 1 l](IH,.

+
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FIG. 7. Experimental NMR-signal width A n ;in the DRCS (points)and
the theoretical value of 2M A,, where M,,, is the second moment of the
NMR line in the DRCS (curve),for the 19Fnuclei in a CaF, single crystal
as functions of the angle 8 ' between the directions of the effective fields
H:, and He, in the DRCS in the case of the magic orientation of the field
He, in the RCS (i.e.,for 8 = 8,). The crystal orientation was such that
[111]I/H,; yH,, = 3.8 kHz.

of the spins I, but also the chemical shifts and the dipole
interactions with any other types of spins (nuclear and electronic) present in the sample. The indirect scalar spin-spin
interactions with the other types of nuclei should also be
suppressed, just as such interactions are suppressed by a
strong strictly resonance HI field."
As predicted by theory," the 8' dependence of A 0 ;
also has a local minimum at 8' = 8; = arccos
(+'I2 z 39'12'. Here, however, the line width is significantly
greater than the line width for 8 ' = r/2, and is about 70 Hz.
But then the chemical shift does not vanish under these conditions (as happens at 8 ' = r/2), and is only (cos 8,.
cos8;)-' =
times smaller than the shift in the LCS.12
Therefore, it is most advantageous to use precisely this value
of 8 ' in chemical-shift resolution experiments performed on
solids.
It follows from Fig. 7 that, in the region O ( 8 ' 5 88", the
ratio A 0 ;/2M 1, (1, 1. This practically coincides with the
analogoug ratio'h the RCS for the same orientation of the
CaF, crystal," but differs significantly from the ratio in the
LCS, where Awi/2M 5 = 1.26 (Ref. 17).This indicates that,
for 8 = Om,the NMR line has different shapes in the LCS
and DRCS.
Let us note that an experimental curve of the type
shown in Fig. 7 exhibited a steep dip at 8' = arccos(1fi)
= 54'44' in the cases when the angle 8 was slightly different
from 8,. This dip is due to the suppresion in the DRCS of
the first-order secular dipole-dipole interactions, which acquire the factor (3 cos28 - 1)(3cos28' - 1) on being transformedfrom the RCS into the DRCS. It can be used to check
the preciseness of the 8 and 8 ' adjustments.

6

3. CONCLUSION

Thus, the observation of the NMR in the DRCS ensures
the narrowing of the resonance line in solids down to values
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of the order of 10 Hz, which is comparable to what is attained with the most modern multipulsed method^.^ In our
case the NMR frequency spectrum is obtained at one in the
final form, requiring no Fourier transformation, and the
transmitter power (about 30 W) is one-to-two orders of magnitude lower than the power required in the multipulsed experiment~.'~~
As to the sensitivity, it is apparently somewhat
lower than that attained in the traditional methods, but, as
can be seen from Fig. 4-6, it is quite adequate for the measurements. It can, if necessary, be easily raised through the
raising of the H,-field intensity and (or) the buildup of the
signal.
At the same time it should be noted that the spectroscopic applications of our method are limited under maximal-narrowing conditions (i.e., when 8 ' = r/2). Information about the chemical shifts can be obtained only at the
cost of broadening of the line up to z 7 0 Hz (i.e., only in
experiments with 8 ' = a r c c ~ s ( + ) ' / ~ ) .
In this connection we would like to bring out another
important aspect of the present investigation, namely, the
steady spin locking the DRCS, which allows us to measure in
one sweep a new relaxation parameter: the nuclear spin-latticerelaxation time TI, in the H field in the DRCS. In the
8 , 8 ' # 8, case, when the nuclear dipole-dipole interactions
are not significantly suppressed, the time T , should contain essentially the same information about the internal
atomic-molecular motions as T (and, for liquids, TI).Considering the fact that the point-by-point measurement of the
time TI, is extremely laboriou~,'.~
and that the use for this
purpose of pulsed spin locking in the RCS is complicated by
spurious multispin transition^,^'^ the method described in
the present paper is more convenient.
Even more important is the fact that, for 8 = e m , the
condition H, (H (He, is easily realized in solids, and in
this case the time TI, will be especially sensitive to the extremely
slow
internal
motions
with
r,- ' yH Lf
10'-lo4 HZ. Let us note that such motions are
difficult to study with the aid of the standard TI, measurements in the RCS, measurements which furnish the greatest
amount of information when 7;'-yHe,
5 lo4-lo5 Hz
(Refs. 1-4).
Thus, it may be hoped that the recording of NMR and
the study of nuclear relaxation in the DRCS will become a
useful tool of investigation of the structure and internal
atomic-molecular motions in solids and liquids.
The author thanks V. A. Atsarkin for a discussion of the
results and for valuable comments and M. I. Kalinin for his
help in the investigation.
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"The oblique DRCS will hereafter simply be called the DRCS.
,'In the DRCS this condition has the fonn T & <(yH3, )- ' d o ' / d t <yH3, ,
where T,,, is the transverse relaxation time in the DRCS, and differs
from the corresponding condition in the LCS" only in that, instead of
the parameters H I ,o,and T,, we now have figuring in the condition the
parameters H , , , a ' ,and T,,, .
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